Surface temperature (Ts) is vital to the study of land-atmosphere interactions and climate variabilities. However, observed Ts data are still very scarce in humid tropical region. There is therefore a need to parameterize and improve the representation of Ts in Global Climate Models using available meteorological data. Six land surface temperature parameterization approaches (Force restored, Liebethal, Holtslag, Equilibrium Gradient, Tracy and Gottsche approaches) were validated with actual measurements using the Nigeria Micrometeorological Experiment (NIMEX) surface layer observations. The Liebethal approach showed the best agreement with the measured data with average coefficient of determination, mean bias error and root mean square error of 0.96 ± 0.01, 0.08 ± 0.04 o C and 0.85 ± 0.14 o C, respectively, in simulated Ts. The results also showed that the Force restored and Tracy approaches are applicable for land surface temperature parameterization in this region.
INTRODUCTION
Surface temperature (Ts) is needed in the computation of the turbulent heat fluxes as well as the terrestrial radiation in weather and climate studies [1] [2] . It is also important to understand that the diurnal variation of Ts constitute one of the principal indicators of climate change [3] [4] [5] [6] [7] .Despite the vital importance of diurnal Ts data in computation of heat fluxes, they are still not available in most synoptic stations over West Africa. There is therefore a need to parameterize, assess and improve the representation of Ts in weather and climate simulations [8] [9] [10] because bias is expected from parameterizations. Several surface layer parameterization approaches have been employed to parameterize surface temperature using diurnal data in arid and semi arid regions, some of them use only atmospheric information while others require measurements in the soil. They all validated their parameterization approaches using measured data from the specific regions. For instance, the Equilibrium Gradient approach (Lucre and Tarbortan, [11] , hereinafter referred to as EG) and Holtslag approach (Holtslag, [12] , hereinafter referred to as HA), have been widely used in weather forecasting models, Idso et al. [13] . Smith approach (Smith and Blackall, [14] , SM) has been used in a land surface model to estimate surface temperature [15] . Also, the Liebethal approach (LI) was derived from energy balance experiments using soil temperature measurement at two depths [14] . Tracy approach (Tracy et al., [16] , TR) assumed constant emissivity in the estimate of surface temperature using energy budget theory. Gao et al. [17] introduced the details of Force-Restore approach (FR) and had been incorporated in a land data assimilation system of arid and semi-arid regions. Gottsche and Olesen [18] developed semi-empirical diurnal temperature cycle approach (GO) using maximum and minimum daily Ts.
The implementation of this GO approach may face some difficulties in this region, because daily Ts data are not readily available. Adeniyi and Nymp has [19] estimated surface temperature from soil temperature measured at 5 cm depth and also from 1 m air temperature using regression analysis.
Most of the above mentioned existing Ts parameterization approaches have not been validated over West Africa. Nigerian Micrometeorological Experiment (NIMEX) is one of the few experiments over West Africa which provides direct measurement of land surface temperature and other climate data at various time intervals of interest [20] [21] [22] . With the NIMEX data, it is possible to implement and validate some of the above mentioned surface temperature parameterization approaches in the tropics. This paper therefore aims at evaluating the performance of six existing Ts parameterization approaches. 
MATERIAL AND METHODS

Experimental Site and Methodology
Nigeria Micrometeorological Experiment (NIMEX) [20] was conducted at Ile Ife, Nigeria (Latitude N and longitude E) during the transition period from dry to wet season (Fig. 1) . The period of intensive observation was from 19 th February to 9 th March, Day of the year (DOY) (DOYs 55-70) in 2004. This site is located in the humid equatorial region of West Africa and the climatic region is Aw class according to Kӧppen classification [23] . This site is at the attitude of 288 m above sea level and its vegetation can be characterized as fallow bush-land [21] . The ground surface of the site is flat and homogenous. The soil is loamy sand and it is at its permanent wilting condition at the beginning of the experiment [20 -21] . The acquisition of data was achieved by using Campbell Scientific data logger systems (measurement and control module) approach CR10-X. The surface temperature was measured using Infrared thermometer (Heitronics) remotely sensing the ground at the height of 1.8 m, with measurement accuracy of and sampled every 1 s (averaged to produce 10 min and 30 min statistics). Simple visual test according to Foken [24] was used on daily basis to check the quality of the basic meteorology variables (slow response). The maximum and minimum surface temperatures observed during the period of the experiment were and respectively.The annual rainfall amount is 1225 mm [25] .
Surface Temperature Parameterization Approaches
The selected Ts parameterization approaches are the Table 1 .0. The six selected parameterizations are quite demanding in terms of data requirement and the implementations, and some of the input data are not available in routine synoptic stations. However, they are all available in NIMEX data set. Also, their algorithms are widely applied [11] [12] [13] [14] [15] [16] [17] [18] [19] , and their good performances in other regions are well documented. These Ts parameterizations are yet to be fully explored in this region. The FR and EG parameterizations require the estimation of the optimal depth which was found to be 0.0700 m, from the NIMEX data; this value has a close agreement with the 0.0853 m given by Stull [26] .
Also, the assumption of a constant value of p in the EG expression for ground heat flux Qg (Qg=pQS, where QS is the net radiation and p is taken as 0.3) gave a large error. To minimize this error, the measured Qg was used in EG parameterization. The HA resulted in numerical instabilities in stable (neutral) conditions. To solve this problem, stability correction according to Richardson number was included in the parameterizations for both stable and unstable atmospheric conditions. LI
calculates Ts from the ranges of soil temperature T1 and T2at the depths, z1 (5 cm) and z2 (10 cm 
where n is the number of observation [27] . Gottsche Approach (GO)
Meaning of symbols: QS-Net Radiation, As -Surface Amplitude, -Air Temperature, z-height of Ta, -Damping Depth, -Angular Velocity, r-dimensionless parameter, -effective distance, -Von Karma Constant, -Roughness length due to heat transfer, -Roughness length due to momentum, L-Monin-Obukhov length, nd -Soil Temperature at two different depths, Convection Transfer Coefficient, Humidity of the air in the equilibrium -saturated vapour density, -emissivity Stefan-Boltzman constant, s-slope of the saturated vapour density function, i ir te per t re-, -the time at which the temperature reaches its maximum t e tten tion con t nt, -starting time of the free attenuation, d-damping depth, and are universal stability functions for heat transfer and momentum respectively, -specific humidity. The EG strongly underestimated the measured Ts during the early hours of the morning by 5 0 C to 6 0 C and night period (5 0 C to 8 0 C), while it overestimated it slightly (2 0 C to 3 0 C) during the mid-day hours for wet days (Fig.  3a) . The same pattern was estimated for dry days except for the large overestimation of about 9 0 C to 10 0 C (Fig. 2  b) during the mid-day hours. It could be deduced that EG favoured mid-day Ts parameterization during the wet days than dry days. In other word, the EG might not be suitable for mid-day Ts simulations for dry days. The large overestimation and underestimation in simulated Ts during the transition period from dry to wet days could be attributed to the change in the diurnal values of soil moisture which was very high for wet days (mean value = 0.167 m 3 m -3 ), and very low for dry days (mean value = 0.049 m 3 m -3 ). The effective depth (ZE) in the EG parameterization varies with time and space, and is affected by soil type, structure and meteorological conditions. The HA strongly underestimated Ts,, during the early hours of the morning (about 7 0 C 10 0 C), during the mid-day hours (10 0 C 15 0 C) and during the night-time hours (10 0 C to 25 0 C) for both wet and dry days ( Fig. 2a and b) . These findings revealed the poor performance of HA in Ts parameterization for both wet and dry days. It could also be deduced that HA simulation does not favour tropical atmosphere condition especially area where low-wind speed is prevalent.
The GO slightly underestimated Ts during the early hours of the morning (about 4 0 C to 8 0 C), and slightly overestimated it (about 2 0 C to 3 0 C) for mid-day period for both wet and dry days (Figs 2a and b) . The night time simulated Ts value showed good agreement with the measured data, though a slight underestimation was observed for DOY 57. Generally, the performance of the GO approach was consistent for stable atmospheric condition during the transition from dry to wet periods. The findings also show, that GO might not be appropriate for the experimental site in this humid region, especially during daytime period. Also, the implementation of the GO might face some difficulties in the region because of the dearth of Ts data from routine meteorological stations in this region. The LI approach showed closeness to the measured data during daytime, with slight overestimation (about 1 0 C) during the early hours of the morning for both wet and dry days respectively. The performance of LI also showed a strong agreement with the measured data during the mid-day hours. During the night-time, a slight overestimation of about 0.1 0 C to 0.2 0 C was also observed. Thus, LI performance was better when compared with other parameterizations. However, its implementation might be peculiar to experimental site with soil temperature data measured at two depths. In contrast to the LI approach, the TR simulated Ts also had a better agreement with the measured data for early hours of the morning, with slight overestimation of about 0.7 0 C to 4.5 0 C for both wet and dry days. The performance of the TR during night-time was poor for both wet and dry periods with wet days having poorer performance. It could be deduced that TR would be suitable during the daytime for both wet and dry days. This implies that the behaviour of TR is affected by some meteorological conditions during the transition period. The zero-surface water potential approximation (wet days) when solving for Ts from the surface energy balance equation may also cause the overestimation during the night-time period. This assertion was confirmed by the findings of Campbell and Norman [28] and Monteith [29] . The inconsistency in the behaviour of TR during the transition period makes it unsuitable for use at the site. Furthermore, Figs   3a and b revealed that the daytime Ts value from Forcerestored approach was underestimated by 2 o C to 3 o C for both wet days and dry days. It can be concluded that the FR approach reproduced the Ts data very well for all conditions encountered during NIMEX, especially for unstable conditions. Lin [30] points out that the depth of the upper soil layer is essential for good results of Ts.
And, in the course of the analysis, the optimal depth was found to be 0.0700 m, which closely agreed with the 0.0853 m given by Stull [24] . The wet and dry composite comparisons of the measured surface temperature with simulated surface temperature using different Ts parameterization at Ile-Ife site are illustrated in Fig. 3 (a -b) . The overall performance of some parameterizations like EG and HA showed large deviations from the measured data during the early hours of the morning and late hours of the night-time. The LI and FR yielded better results, with an average low bias during stable conditions. During the daytime, except for LI and FR, greater fitting errors were found around sunrise and noon. However, during early hours of the night-time, all the selected parameterizations except HA, described the diurnal pattern of variation of Ts. 
Evaluation of the Performance of the Surface
Temperature Parameterization Approaches The scatter plots showing the simulated surface temperature versus the measured data for Ile-Ife site are shown in Fig. 4 . The scatter from EG were considerably large (Fig. 4) . This revealed partly strong overestimations for large values of Ts during the mid-day hours. The MBE values of -4.04 0 C and -6.28 0 C respectively for wet and dry days revealed strong underestimations for small value of Ts for early hours of the morning and late hours of the night-time, and large values of RMSE were also obtained for both unstable (7.15 0 C 14.12 0 C) and stable (7.61 0 C 11.43 0 C) conditions during both wet and dry days. This was also confirmed by the amount of scatter seen in Figure. 4 a. the advantage of the EG is that it requires only few input data. However, this was outweighed by large discrepancies between the measured and simulated parameters. For HA, the scatter and RMSEs (3.50 0 C 4.26 0 C for unstable condition; 1.71 0 C 3.83 0 C for stable condition) are remarkable large, and the MBE values (-0.17 0 C 0.32 0 C) revealed strong underestimations for stable and unstable conditions, but the average r 2 values were high (0.65 0.78). Furthermore, for GO, the findings revealed that the scatter (r 2 0.56) was relatively large with outliers along the regression line (Fig. 4 f) . The average RMSE ranged from 1.05 0 C to 8.69 0 C for wet and dry days respectively.
There was high r 2 between the observed and estimated Ts, despite the observed large scatters for night-time Ts parameterization for dry days (r 2 0.30). For LI approach, the scatter was relative small, with average r 2 values ranging from 0.67 to 0.95 for both unstable and stable atmospheric conditions. The RMSEs (0. 
CONCLUSION
Six different documented parameterization approaches that calculate land surface temperature have been tested over a bare soil surface to evaluate their performance in order to determine the best approach for use at the humid tropical region. Findings revealed that, the Liebethal approach has the best performance over this region. The Liebethal approach gave high value of coefficient of determination and least error values between measured and estimated surface temperature. The work also suggests that some parameterization approaches like Force restored and Tracy approaches are also suitable for the land surface parameterisation in this region, though their operational principles may be quite demanding in terms of data requirement and implementation. 
